Abstract. The Higgs sector of the MSSM may be extended to solve the µ problem by the addition of a gauge singlet scalar field. We consider the consequences of the singlet on the Higgs and neutralino states compositions. We discuss the potential for discovering Higgs bosons of singlet models and observing the unique multilepton signatures of the extended neutralino sector.
INTRODUCTION
The Minimal Supersymmetric Standard Model (MSSM) is a leading candidate for beyond the standard model (SM) physics. The motivation for the MSSM is extensive and includes solutions to the gauge hierarchy problem, the quadratic divergence in the Higgs boson mass, gauge coupling unification, and a viable dark matter candidate.
However, there are challenges to the MSSM. Fine tuning is required to obtain the correct value for the Z boson mass. A light scalar top and Higgs boson are required if electroweak baryogenesis is to account for the total baryon asymmetry in the universe [1] . Additionally, the allowed region of parameter space in constrained versions of the MSSM that is consistent with the relic density of neutralinos, the popular dark matter candidate, is limited, see, for example, Ref. [2] .
The MSSM has an important theoretical problem associated with the Higgsino mixing parameter, µ, which is the only massive parameter that is supersymmetry conserving. The value of µ sets the scale of the electroweak symmetry breaking in the MSSM and is thus required to be at the electroweak (EW) or TeV scale, though a priori it can have any value.
Supersymmetric models with an additional singlet Higgs field address this fine-tuning problem of the MSSM by promoting the µ parameter to a dynamical field whose vacuum expectation value S and coupling λ determine the effective µ-parameter,
Depending on the symmetry imposed on the theory, a variety of singlet extended models (xMSSM) may be realized: see Table 1 . The models we focus on include the Next-toMinimal Supersymmetric SM (NMSSM) [3] , the Nearly-Minimal Supersymmetric SM (nMSSM) [4, 5] , and the U (1) ′ -extended MSSM (UMSSM) [6] , as detailed in Table  1 with the respective symmetries. A Secluded U (1) ′ -extended MSSM (sMSSM) [7, 8] contains three singlets in addition to the standard UMSSM Higgs singlet; this model is equivalent to the nMSSM in the limit that the additional singlet vevs are large, and the trilinear singlet coupling, λ s , is small [9] . The nMSSM and sMSSM will therefore be referred to together as the n/sMSSM. The additional singlet state of the extended models gives additional Higgs bosons and neutralino states. The number of Higgs and neutralino states in the various models are summarized in Table 1 . 
The additional CP-even and CP-odd Higgs boson, associated with the inclusion of the singlet field, yield interesting experimental consequences at colliders. For recent reviews of these models including their typical Higgs mass spectra and dominant decay modes, see Ref. [9, 10] .
The tree-level Higgs mass-squared matrices are found from the potential, V , which is a sum of the F-term, D-term and soft-terms in the lagrangian, as follows.
Here, the two Higgs doublets with hypercharge Y = −1/2 and Y = +1/2, respectively, are
and
. For a particular model, the parameters in V are understood to be turned-off appropriately
The couplings g 1 , g 2 , and g 1 ′ are for the U (1) Y , SU (2) L , and U (1) ′ gauge symmetries, respectively, and the parameter G is defined as One loop radiative corrections to the Higgs mass can be large due to the large top quark Yukawa coupling. At the one-loop level, the top and stop loops are the dominant contributions. Gauge couplings in the UMSSM are small compared to the top quark Yukawa coupling so the one-loop gauge contributions can be dropped. The modeldependent contributions do not affect the Higgs mass significantly at one-loop order. Thus, the usual one-loop SUSY top and stop loops are universal in these models. The one-loop corrections to the potential are derived from the Coleman-Weinberg potential.
HIGGS SECTOR
To illustrate the Higgs sector of the extended models in the cases in which the lightest Higgs is either decoupled or strongly mixed with the MSSM Higgs boson, we present in Fig. 1 the neutral Higgs mass spectra for particular points in parameter space.
With sufficient mixing, the lightest Higgs boson can evade the current LEP bound on the SM Higgs mass in these models [9] . This can be seen in Fig. 2 can strongly affect the observation of the Higgs boson at the LHC. As seen in Fig. 4 , the branching fractions for discovery channels of the Higgs boson in the SM can be suppressed significantly. The couplings to gauge bosons are at most SM strength, and production rates are usually smaller than in the SM.
The most promising discovery channel over most of the Higgs mass range is the golden channel H i → ZZ * → 4l, since it has very low backgrounds. This channel is expected to permit SM Higgs discovery for Higgs masses 120 − 600 GeV. In extended models the signal is reduced by a factor of ξ 2
B f (h SM →ZZ) compared to the SM, where ξ VV H i is the VV H i coupling relative to the SM. Therefore, it is possible that the Higgs in the extended models is missed via direct searches.
For light Higgs bosons (m H < 120 GeV) the decay H → γγ has the best significance. Combining this mode with H → ZZ → 4l yields a total significance above 5σ required for discovery for the lightest Higgs boson in the SM. For some parameter points, the decay H → γγ is enchanced due to a larger yukawa coupling or interference effects [9] . In Fig. 4 , we show the branching fractions of the Higgs states that have masses below 150 GeV to the promising modes ZZ and γγ.
NEUTRALINO SECTOR
In the singlet extended models at least one new neutralino state beyond the MSSM exists. The neutralino states can include four MSSM-like states and one nearly decoupled singlino state, or the singlino can significantly mix with the other states, as determined from the neutralino mass matrix
where M 1 , M 2 and M 1 ′ are the gaugino masses of the U (1), SU (2) and U (1) ′ gauge symmetries. We assume gaugino mass unification, which constrains
M 2 at low scales. The resulting neutralino spectrum can be substantially altered with respect to the MSSM. Figure 5 illustrates the neutralino spectrum and composition for a decoupled and mixed scenario of singlino (and Z ′ ino for the UMSSM) mixing. Due to the shifts in the neutralino spectrum compared to the MSSM, the cascade decay chains may be substantially modified [13, 14] . In particular, excess trilepton and dilepton events can occur in models with a light singlino state.
The neutralino in the n/sMSSM is very light, often below 50 GeV. A very light neutralino in the n/sMSSM can allow a light stau that is not the LSP. In the other singlet models, a very light singlino is less natural but can be achieved in the NMSSM with a very small value of κ, as the κ → 0 limit corresponds to the n/sMSSM. Neutralino Mass (GeV)
Illustrative neutralino composition for the models in (a) a decoupled singlino scenario and (b) a strongly mixed singino scenario. Here, the MSSM contains a light Bino and Wino and heavy Higgsinos. The NMSSM has a similar spectrum, but contains an additional heavy neutralino, while the n/sMSSM has a very light extra neutralino. The UMSSM has two additional neutralinos that can intermix; their masses are strongly dependent on the singlet Higgs charge under the U(1) ′ symmetry and the corresponding gaugino mass value. Figures from Ref. [13] .
Multilepton events such as a 5 lepton or 7 lepton signature are possible in extended models. Chargino decays are indirectly affected via their decays to a lighter neutralino state. The number of neutralino states lighter than the chargino and their modified compositions alter the chargino branching fractions. This is typically found in the n/sMSSM, where the chargino can decay to an MSSM like χ 0 2 and a singlino χ 0 1 , yielding a 5 lepton signal. Additionally, the extra step in a neutralino decay can allow a 7 lepton final state. Other models can also exhibit this behavior, but less naturally.
In some cases the neutralino can be light enough to spoil the chances for direct Higgs discovery. The Higgs boson may have a dominant invisible decay to stable neutralinos that are undetected except as missing transverse energy, E T . When the H → χ 0 1 χ 0 1 decay channel is open, the Higgs is generally invisible 2 . As seen in Fig. 6 , this invisible decay is usually kinematically inaccessible for the MSSM, NMSSM, and UMSSM due to the lower limit on m χ 0 1 of 53 GeV [9] . Invisible decays are often dominant in the n/sMSSM where the lightest neutralino mass is typically lighter than 50 GeV [5, 9, 13, 16] . Therefore, traditional searches for the discovery of H 1 is unlikely for some parameter regions of the n/sMSSM. However, indirect discovery of an invisibly decaying Higgs is possible in WBF and in Z-Higgstrahlung at the LHC [17, 18] with jet azimuthal correlations and p T distributions or via the Z recoil spectrum at the ILC.
The relic density of dark matter provides a lower limit on the mass of the lightest neutralino in the n/sMSSM since the relic density becomes too large. As seen in Fig.  6(b) , the mass bound is > 30 GeV in this model [16] the s-channel annihilation of the neutralinos. If other annihilation processes contribute (or decays to a still lighter, almost decoupled, additional neutralino can occur, as in the sMSSM), the neutralino mass bound would be softened.
CONCLUSIONS
Higgs singlet extensions of the MSSM provide well motivated solutions to the µ problem. Including an additional Higgs singlet increases the number of CP-even and CP-odd Higgs states and increases the number of associated neutralino states. The extended models have interesting consequences in collider phenomenology. Specifically, we find the following:
• The lightest Higgs can be lighter than the LEP limit of m h > 114 GeV due to reduced Higgs couplings to SM fields due to singlet-doublet mixing; the production rates of these Higgs states are often below the rates for the lightest MSSM Higgs boson.
• Direct observation of the lightest Higgs is favored for the MSSM, NMSSM and UMSSM. In the n/sMSSM, the traditional discovery modes can be spoiled by the decay to invisible states such as neutralinos. However, indirect observation of the Higgs can be employed for the n/sMSSM where invisible Higgs decays to neutralino pairs are often dominant.
• The extended models can have an approximately decoupled neutralino that is dominantly singlino, accompanied by an approximate MSSM spectrum of neutralino states. The lightest neutralino is typically very light in the n/sMSSM, often below 50 GeV, and can affect the predicted number of multilepton events significantly. The rate for χ 0 i≥2 χ ± 1 production increases since χ 0 i is lighter than it would otherwise be in the MSSM. The decoupled neutralinos in the NMSSM and UMSSM are typically heavy.
• Chargino decays are indirectly affected via their decays to a lighter neutralino state. The number of neutralino states lighter than the chargino and their modified compositions alter the chargino branching fractions. The chargino can decay to an MSSM like χ 0 2 and a singlino χ 0 1 , yielding a 5 lepton signal. Additionally, the extra step in a neutralino decay can allow a 7 lepton final state.
• Scenarios exist where the singlet extended models are difficult to differentiate from the MSSM using only the Higgs sector. However, complementary avenues are available through the discovery of a Z ′ boson in the UMSSM or extended neutralino cascade decays due to the different neutralino spectrum in singlet extended models.
